Resistance to leishmanial infections depends on intracellular parasite killing by activated host macrophages through the L-arginine-nitric oxide (NO) metabolic pathway. Here we investigate the cell death process induced by NO for the intracellular protozoan Leishmania amazonensis. Exposure of amastigotes to moderate concentrations of NO-donating compounds (acidified sodium nitrite NaNO 2 or nitrosylated albumin) or to endogenous NO produced by lipopolysaccharide or gamma interferon treatment of infected macrophages resulted in a dramatic time-dependent cell death. The combined use of several standard DNA status analysis techniques (including electrophoresis ladder banding patterns, YOPRO-1 staining in flow cytofluorometry, and in situ recognition of DNA strand breaks by TUNEL [terminal deoxynucleotidyltransferase-mediated dUTPbiotin nick end labeling] assay) revealed a rapid and extensive fragmentation of nuclear DNA in both axenic and intracellular NO-treated amastigotes of L. amazonensis. Despite some similarities to apoptosis, the nuclease activation responsible for characteristic DNA degradation was not under the control of caspase activity as indicated by the lack of involvement of cell-permeable inhibitors of caspases and cysteine proteases. In contrast, exposure of NO-treated amastigotes with specific proteasome inhibitors, such as lactacystin or calpain inhibitor I, markedly reduced the induction of the NO-mediated apoptosis-like process. These data strongly suggest that NO-induced oligonucleosomal DNA fragmentation in Leishmania amastigotes is, at least in part, regulated by noncaspase proteases of the proteasome. The determination of biochemical pathways leading up to cell death might ultimately allow the identification of new therapeutic targets.
Leishmania spp. are obligate intracellular protozoan parasites of macrophages that are responsible for a wide range of human diseases, including self-healing skin lesions, diffuse cutaneous and mucosal lesions, or fatal visceral infections. In the Leishmania life cycle, two principal parasite forms exist: (i) the amastigote form that develops inside mononuclear phagocytes of a vertebrate host and (ii) the motile promastigote form that develops in the vector gut. The various possible outcomes of leishmanial infection have been associated with expansion of specific T helper lymphocyte populations (52) . Immune control of leishmaniasis involves a dominant Th1 response, leading to macrophage activation and elimination of intracellular parasites through the induction of nitric oxide synthase (NOS II) and NO synthesis from L-arginine. This prototypical model has been largely evidenced in murine leishmaniasis (17, 22, 33) . Human activated macrophages can also induce antileishmanial activity via the L-arginine NO pathway (44, 58, 60) . Studies on human cutaneous leishmaniasis reveal that Leishmania killing is associated with NO production (40) . Moreover, the capacity of canine macrophages to eliminate intracellular amastigotes through a NO-dependent mechanism has been documented (46, 55, 59) .
NO-dependent cytostatic and/or cytotoxic activities by activated macrophages on various parasites have been clearly demonstrated (20, 26, 29, 33, 57) . In Leishmania infections, NO-generating creams applied topically to lesions revealed a modest efficacy in mouse models, whereas they were able to cure human patients (15, 65) . Moreover, studies have shown that successful chemotherapy in a murine and canine model of visceral leishmaniasis depended on upregulation of the L-arginine NO pathway (14, 58) . However, the cellular and molecular mechanisms whereby NO exerts its cytotoxic activity are not yet well understood. NO toxicity results from complex phenomena involving several molecular targets. In antitumoral models, impairment of essential cellular functions, including mitochondrial respiration, DNA synthesis by blocking ribonucleotide reductase (31) , and enzyme inactivation through Fe/S center alterations or S nitrosylation, have been documented (16, 19) . Recent studies found that several parasite targets may be affected by NO toxicity in Leishmania parasites. These targets include metabolic enzymes, such as GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and aconitase (29, 32) or cysteine proteinase (51) .
Apoptosis represents an important mechanism by which exogenous or endogenous NO mediates toxicity in mammalian cells (1, 36, 41, 42, 63) . We investigated the genomic DNA status of NO-treated Leishmania amazonensis amastigotes. Several apoptosis detection methods (appearance of the characteristic DNA ladder banding pattern on agarose gels and in situ TUNEL [terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling] and flow cytofluorometry assays) revealed that Leishmania cell death was associated with extensive nuclear DNA fragmentation. Cell-permeable caspase inhibitors did not modify NO-mediated nuclear DNA fragmentation. In contrast, endonuclease activation could be a consequence of Ca 2ϩ -sensitive calpain and/or proteasome activity. These data strongly suggest that NO can induce damage in the unicellular pathogen Leishmania by a coordinated process of intracellular protein degradation mediated by the proteasome, which may lead to nuclear DNA fragmentation. An apoptosis-like cell death pathway could represent an important and highly regulated mechanism used for the clearance of Leishmania within infected macrophages stimulated to produce NO endogenously or during treatments with NO-releasing drugs.
MATERIALS AND METHODS
Reagents. Fetal calf serum (FCS) was obtained from Dutscher S.A. RPMI 1640 medium (lot 0MB0174) was purchased from BioWhittaker Europe, and L-glutamine (lot 3414) was from BioMedia. Penicillin-streptomycin (10,000 IU/ml to 10,000 UG/ml; lot 3037222) and phosphate buffer saline (Ca 2ϩ and Mg 2ϩ free) were obtained from Life Technologies. Bacterial lipopolysaccharide (LPS), gamma interferon (IFN-␥; mouse recombinant), bovine serum albumin (BSA; fraction V, lot 59H0696), and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; lot 66H5033) were purchased from Sigma. RNase was obtained from Eurogentec, proteinase K was from Promega, and agarose was purchased from Eurobio. YOPRO-1 iodide was provided by Molecular Probes. Nitro-L-arginine, inhibitory peptides Z-DEVD-CMK and Z-VAD-FMK, E-64d [(2S,3S)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester], calpain inhibitor I, lactacystin, proteasome inhibitor II, and MG-115 were purchased from Alexis Biochemicals. All other cellular-grade and molecular biology-grade chemicals were obtained from Sigma. Cell-free MAA/20 culture medium for axenically grown amastigotes was defined according to the method of Lemesre et al. (29, 30) . Nitrosylated albumin was prepared as previously described (38) .
Animals. Female BALB/c mice (Iffa Credo, Saint-Germain-sur-l'Arbresle, France) were housed under conventional conditions and given water and chow ad libitum. The use of the animals conformed to institutional guidelines.
Parasites and in vitro cultures. A cloned line of L. amazonensis (MHOM/BR/ 76/LTB-012) was used in all experiments. L. amazonensis axenically grown amastigote forms were maintained at 32 Ϯ 1°C by weekly subpassages in MAA/20 medium. From a starting inoculum of 5 ϫ 10 5 amastigote forms/ml, a cell density of ca. 2 ϫ 10 7 parasites/ml was obtained on day 7. Axenically grown amastigote forms appeared homogeneous, round to ovoid, without apparent flagella, and nonmotile. Axenically grown amastigotes from various Leishmania species clearly resembled intracellular amastigotes with regard to their ultrastructural, biological, biochemical, and immunological properties (5, 6, 13, 24, 29, 30, 53) . Cell concentrations were determined by daily counts with a hemocytometer at a ϫ400 magnification after adequate dilution in phosphate-buffered saline (PBS) containing 0.25% glutaraldehyde.
Treatment with the NO donors sodium nitrite (NaNO 2 ) and nitrosylated albumin (NO-BSA). Late-log-phase amastigote forms were washed three times in PBS-0.01 M (pH 4.5) before treatment. Parasites (10 7 /ml) were resuspended in the same buffer containing 5 mM sodium nitrite. After 20 min, 2 h, 4 h, 6 h, and 12 h of incubation at 32 Ϯ 1°C in the dark, respectively, parasites were washed in Ca 2ϩ -Mg 2ϩ -free PBS (0.01 M, pH 7.2) before analysis. Control amastigotes were treated in the same way but in the absence of sodium nitrite.
Albumin or nitrosylated albumin (4 mg/ml) was added to the parasite cultures. After incubation for 20 min, 4 h, or 12 h at 32 Ϯ 1°C, the amastigotes were washed three times in Ca 2ϩ -Mg 2ϩ -free PBS (0.01 M, pH 7.2) before analysis. Assessment of NO donors' effect on amastigote survival. NO-treated and untreated amastigotes (2 ϫ 10 8 /ml) were resuspended in MAA/20 medium for each incubation time. The MTT-based microassay was used to estimate NOinduced death as described before (53) . Tetrazolium bromide has the property of being reduced by parasitic dehydrogenases into a dark blue insoluble formazan product, the amount of which depends on the number of viable amastigotes. Briefly, parasites (100 l) were seeded in a 96-well microplate. After a 1-h incubation, 10 l of MTT (10 mg/ml) was added to each well, and the plates were further incubated for 4 h. The enzyme reaction was then stopped by the addition of 100 l of 50% isopropanol-10% sodium dodecyl sulfate. The plates were incubated for an additional 30 min while being agitated at room temperature before the optical density value at 570 nm was determined with a Titer-Tech 96-well scanner (Labsystems Multiscan EX).
In vitro macrophage infections. Mouse peritoneal macrophages were washed with prewarmed RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 2 mM glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml and cultured overnight in 16-well Lab-Tek tissue culture slides (Nalge Nunc International). Nonadherent cells were removed by two washes with prewarmed RPMI medium, and then the macrophages were infected with stationary-phase extracellular amastigotes at a parasite/macrophage ratio of 3:1 for 2 h at 34°C with 5% CO 2 . Noninternalized parasites were removed by gentle washing. Infected macrophages were then cultured in the presence or absence of the following reagents: LPS (10 ng/ml), gamma interferon (IFN-␥; 100 U/ml), and a combination of LPS and IFN-␥. Controls were made by adding 1 mM nitro-Larginine, a competitive inhibitor of NOS II, or 1 mM nitro-L-arginine plus 2 mM L-arginine to revert the inhibition.
Culture supernatants were collected for nitrite production measurement 48 h later. Macrophages were then washed with prewarmed RPMI, fixed with methanol, and stained with Giemsa for parasite counts or processed for the TUNEL technique (see below). The percent parasite index (PI) inhibition compared to the untreated controls was calculated as follows: percent PI ϭ 100 Ϫ [(mean number of amastigotes per macrophage ϫ percent infected macrophages in treated wells)/(mean number of amastigotes per macrophage ϫ percentage of infected macrophages in untreated wells)] ϫ 100. The results were taken as the mean of duplicate experiments.
Measurement of nitrite production. NO 2 Ϫ accumulation in the medium over 48 h for the leishmanicidal assay was used as an indicator of NO production and was assayed by the Griess reaction (50) . Briefly, 60 l of Griess reagent A (1% sulfanilamide in 1.2 N HCl) and 60 l of Griess reagent B [0.3% N-(1-naphthyl)ethylenediamine] were added to 100 l of each supernatant in triplicate wells in a 96-well plate. Plates were read at 540 nm in an enzyme-linked immunosorbent assay plate reader (Labsystems Multiskan EX). NaNO 2 in RPMI was used to construct a standard curve for each plate reading.
In situ TUNEL assay. Slides with infected macrophages or axenic amastigotes were fixed for 20 min with PBS containing 4% paraformaldehyde, washed twice with 0.01 M PBS (pH 7.2), and stored at Ϫ20°C until use. DNA fragmentation was analyzed in situ by using a colorimetric apoptosis detection system (Promega, Madison, Wis.) according to the manufacturer's instructions. After performance of the TUNEL protocol, preparations were analyzed under a microscope at ϫ1,000 magnification. Apoptotic nuclei appeared dark brown. Other nuclei were not colored.
DNA agarose gel electrophoresis. Cell pellets were incubated in lysis buffer (10 mM Tris, 10 mM EDTA, 0.5% Triton X-100 [pH 7.4]) for 30 min at 4°C. Qualitative analysis of DNA fragmentation was performed as previously described (7) by agarose gel electrophoresis of DNA extracted from 5 ϫ 10 8 axenically grown amastigotes. DNA was then visualized under UV light after the gels were stained with ethidium bromide.
Flow cytofluorometry analysis with YOPRO-1. The percentage of apoptotic cells was quantitated by flow cytofluorometric analysis by using the DNA intercalatant YOPRO-1 as previously described (25) . Briefly, 10 6 L. amazonensis amastigotes were incubated with 10 M YOPRO-1 for 10 min. Cells were immediately analyzed with a FACScan flow cytometer (Becton Dickinson, Ivry, France) by using an argon-ion laser tuned to 488 nm. Green cell fluorescence, gated on forward scatter and side light scatter, was collected by using a (525 Ϯ 10)-nm band-pass filter (FL1) and displayed by using a logarithmic amplification.
Statistical analysis. Statistical significance was analyzed by Student's t test. All experiments were performed at least twice.
RESULTS
Kinetics of NO-mediated effect on L. amazonensis amastigote viability. Treatment of L. amazonensis extracellular amastigotes with both NO donors led to a dramatic loss of parasite viability with regard to morphological changes such as decreased cell volume under microscopic examination (data not shown), as well as a decrease in dehydrogenase activities as determined by the MTT micromethod (Fig. 1) . Exposure of axenically grown amastigotes to NO generated from acidified 5 mM NaNO 2 resulted in a time-dependent cell death (Fig. 1A) . Significant toxicity could be detected as early as 20 min after treatment with the chemical (ca. 40% of amastigote mortality). Survival gradually decreased; Ͻ10% of the microorganisms were viable after a 12-h exposure to NO generated from NaNO 2. Incubation of amastigotes in PBS (pH 4.5) in the absence of added NaNO 2 did not significantly affect parasite viability in the first few hours, and fewer than 25% amastigotes were dead after 12 h (Fig. 1A) .
About 30% of amastigotes exposed to 4 mg of NO-BSA/ml were killed within the first 20 min of incubation, reaching ca. 65 and 90% after 4 and 12 h of incubation, respectively (Fig. 1B) . The addition of albumin alone at 4 mg/ml failed to affect amastigote viability, even after 12 h of incubation (Fig. 1B) , and no striking morphological change was observed under the microscope (not shown).
The relevance of the observations above would remain questionable unless similar effects could be observed in intracellular amastigotes of L. amazonensis exposed to endogenous NO produced by activated macrophages. Mouse peritoneal macrophages infected with axenically cultured amastigotes and activated for 24 and 48 h with IFN-␥ and LPS led to a timedependent intracellular killing of Leishmania as determined by the reduction of PIs of ca. 55% at 24 h and 90% at 48 h (Fig.  2B) , concomitant with NO 2 Ϫ accumulation in culture fluids ( Fig. 2A) . NO 2 Ϫ production and antileishmanial activity both decreased in the presence of 1 mM nitro-L-arginine, a competitive inhibitor of NOS II. They were almost totally restored by the addition of 2 mM L-arginine (Fig. 2) . Inhibition of the PI did not exceed 20% when incubation conditions did not induce NO production (Fig. 2B) .
NO-mediated apoptosis-like DNA fragmentation of L. amazonensis amastigotes. NO-mediated DNA fragmentation exhibiting features of apoptosis was first assessed by using extracellular amastigotes incubated 5 mM NaNO 2 and monitoring the genomic DNA status of treated versus untreated parasites. As shown in Fig. 3 (lanes 5, 7, and 9 ), nuclear DNA fragmentation into oligonucleosomal-sized fragments (720, 360, and 180 bp), a typical feature of apoptotic cells, was readily visible in the case of NO-treated amastigotes. Untreated amastigotes did not show any DNA fragmentation, even after 6 h of incubation in acidic conditions (Fig. 3, lanes 2, 4, 6, and 8) . Interestingly, NO-mediated nuclear DNA fragmentation (720-bp multimer) could be detected as early as after 2 h of contact with the NO donor (Fig. 3, lane 5) . After 6 h of contact with the chemical, the entire genomic DNA of amastigotes was mostly fragmented into oligonucleosome-sized DNA of 360 and 180 bp (Fig. 3, lane 9) , the end products of DNA alteration in apoptosis.
Endonuclease activity was also evaluated by the TUNEL assay. As shown in Fig. 4C , nuclei of axenically grown amastigotes exposed to 5 mM NaNO 2 were intensely stained dark brown after a 4-h incubation in contrast to those of untreated parasites (Fig. 4A) . Corresponding controls incubated without terminal deoxynucleotidyl transferase (TdT) enzyme in order to determinate the specificity of the reaction did not show any staining ( Fig. 4B and D) . Interestingly, kinetoplast DNA of NO-treated and untreated amastigotes was also stained. Indeed, replication of kinetoplast DNA involves the release of catenated minicircles from the network with subsequent DNA 3Ј-OH tail production stained by biotinylated dUTP via the TdT enzyme. Similarly, the in situ TUNEL technique revealed that the nuclear DNA fragmentation of intracellular amastigotes also occurred in Leishmania-infected stimulated macrophages (Fig. 5) . Moreover, a strong correlation between nuclear DNA fragmentation, increased NO 2 Ϫ levels, and antileishmanial activity was observed ( Fig. 2 and 5 ). Labeled amastigote nuclei could only be visualized inside activated macrophages producing NO (Fig. 5D and F) . Nuclei of intracellular amastigotes, which we can visualized after Giemsa staining, were free of label in nonactivated macrophages (Fig.  5A ) and in macrophages stimulated with LPS alone (B), with IFN-␥ alone (C), or with LPS and IFN-␥ plus 1 mM nitro-Larginine (E). In the absence of TdT enzyme, corresponding negative controls did not exhibit any staining, thus demonstrating the specificity of the reaction (Fig. 5G and H) .
Quantitation and time course of NO-mediated cell death of L. amazonensis amastigotes. The impermeable DNA intercalated YOPRO-1 has been previously used for monitoring the apoptosis of Trypanosoma cruzi epimastigotes (3, 25) . We show here that it could also selectively differentiate viable, necrotic (sodium dodecyl sulfate-treated), and apoptotic amastigotes (Fig. 6 ). Trivalent antimonial (potassium antimonyl tartrate at 50 g/ml) was used as a positive apoptosis inducer as described by Sereno et al. (54) . Antimonial-mediated apoptotic cells (Fig. 6C and D) were easily distinguished from living ( Fig. 6E and F) and necrotic cells (Fig. 6A and B) by using the com- (Fig. 6G and H) , 46.9% at 4 h ( Fig. 6I and J) , and 88.9% at 6 h ( Fig. 6K and L) . Interestingly, the time courses of YOPRO-1 staining and of viability loss were quite similar ( Fig. 1 and 6 ). Altogether, these data indicated that NO directly and quickly induced extracellular amastigote death through a process that mimics apoptosis.
Effects of apoptosis inhibitors. In higher eukaryote cells, apoptosis often occurs downstream of the death signal by protease activation, leading to endonuclease ignition (21) . In these instances, cysteine proteases of the caspase family, Ca 2ϩ -sensitive calpains, or proteasomes can initiate cell death. We used here cytofluorometric analysis with YOPRO-1 staining to test the relevance of these pathways with apoptosis inhibitors. Amastigote treatment with apoptosis-blocking agents did not alter the viability of untreated amastigotes during the time course experiments (not shown). Whereas caspase inhibitors reversed the apoptosis of murine peritoneal macrophages induced by 4 mM butyrate as recently described (47), inhibitors of caspase 3 (inhibitory peptide Z-DEVD-CMK at 5 M), caspase 1 (inhibitory peptide Z-VAD-FMK at 5 M), or cysteine proteases (E-64d at 20 M] had no effect on the cell death induced by NO (data not shown). In contrast, a significant time-dependent inhibitory effect was observed on the NOmediated apoptosis-like phenomenon with specific irreversible proteasome inhibitors (10 M lactacystin and 20 M calpain inhibitor I) (Fig. 7) . Treatment with reversible proteasome inhibitors (10 M proteasome inhibitor II or 10 M MG-115) exhibited a less potent and an inversely time-dependent inhibitory activity. In the first 2 h of treatment, all of the proteasome . After a 4-h incubation with proteasome inhibitor II and MG-115, NO-induced DNA changes were reduced by ca. 25%, whereas lactacystin and calpain inhibitor I produced marked inhibitions of 47 and 62%, respectively. These percentages reached ca. 50 and 64%, respectively, after 6 h of incubation (Fig. 7) . All of these data support the view that the proteasome pathway could be involved in promoting apoptosis-like changes in NO-exposed amastigotes.
DISCUSSION
In this study we showed that the leishmanicidal effect of NO seemed to be the consequence of the induction of a programmed cell death-like process. NO donors induced a pattern of DNA fragmentation typical of an apoptotic process in axenic amastigotes of L. amazonensis. This apoptotic phenomenon was confirmed by both the TUNEL technique and flow cytometry. This typical aspect of apoptosis was also demonstrated in the Leishmania intracellular parasite stage inside NO-producing macrophages, by using the combination IFN-␥ and LPS, which is mainly used as a potent inducer of NOS II. NO also seems to be able to induce necrosis, as well as apoptosis (34) . Interestingly, NO-mediated apoptosis has been extensively studied in mammalian cells (1, 2, 12, 18, 28, 36, 63) . Recent reports have shown that unicellular organisms may kill themselves by an evolutionarily conserved programmed cell death pathway (i.e., apoptosis) (4). This pathway has been described in several lower organisms, including the slime mold Dictyostelium discoideum (11) and several parasitic protozoa. The effect of chloroquine on a sensitive strain of the malaria parasite P. falciparum led to an oligonucleosomal DNA fragmentation, suggesting that apoptosis may be involved in the action of chloroquine on the parasite (45) . Trypanosoma brucei brucei and Trypanosoma brucei rhodesiense procyclic forms, upon treatment with the lectin concanavalin A, died by a process similar to apoptosis in mammals (61, 62) ; changes in cytoskeletal organization, cytosol vacuolization, and nuclear DNA fragmentation were reported. Apoptosis-like changes have also been reported for T. cruzi in response to conditioned medium or antibiotic G418 (3) . A shift in the distribution of EF-1␣ to a nuclear localization was reported as one of the changes associated with cell death (8) . In leishmaniasis, a heat FIG. 6 . Analysis of the NO-induced apoptosis-like process in extracellular amastigotes by a cytofluorometry YOPRO-1 differential staining technique. Parasites were incubated for 6 h in 0.01 M PBS (pH 7.2) (negative control, not shown), treated for 10 min by 0.1% sodium dodecyl sulfate (necrosis control, A and B), and treated for 24 h with 50 g of potassium antimonyl tartrate/ml (apoptosis control, C and D). Amastigotes were, respectively, incubated in 0.01 M PBS (pH 4.5) as an internal control (a 6-h incubation is depicted in E and F) and treated with 5 mM NaNO 2 for 2 h (G and H), 4 h (I and J), or 6 h (K and L). The apoptotic cell percentage (R2), corresponding to both reduced forward scatter and high fluorescence intensity, is indicated in each experimental condition. M1 shows the peak of fluorescence intensity in panels B, D, F, H, J, and L. The experiment was done three times in duplicate. (39) . In the same way, luteolin and quercetin, two plant-derived flavonoids, inhibited cell cycle progression in L. donovani promastigotes, leading to apoptosis (37) . Recently, we demonstrated that the antileishmanial toxicity of trivalent antimonials is associated with parasite oligonucleosomal DNA fragmentation, a finding indicative of the occurrence of late events in the overall apoptosis process (54) . However, the activation of an apoptosis-like machinery in the parasite stage directly in contact with macrophage antimicrobial agents such as NO (i.e., amastigotes) has never been investigated. In the present study, we demonstrated that both axenically grown and intracellular L. amazonensis amastigotes, when submitted to NO action, commit cell suicide through a pathway that is referred to as apoptosis.
In the last few years it has been established that protease activation-in cysteine proteases of the caspase family in particular-is an integral component of the apoptotic cell death metabolic pathway (64) . We report here that cell-permeable caspase inhibitors had no effect on the oligonucleosomal DNA fragmentation induced by NO on L. amazonensis amastigotes. This result correlated with observations made on T. brucei brucei exposed to reactive oxygen species (48) . The inhibitors used are known, at least, to block caspases that are directly and indirectly responsible for the activation of endonuclease activity (i.e., caspases 3 and 1, respectively). NOS II induction is triggered and regulated by a series of signaling pathways inducing NF-B (56) . Inhibitors of the proteasome and caspase 3 abrogate the induction of NOS II in macrophages by blocking activation of the transcription factor NF-B (9, 23). These inhibitors cannot be used in culture models relying on NOS II induction. Thus, our experiments of inhibition were restricted to axenically grown amastigotes. Surprisingly and in contrast to data obtained from African trypanosomes by Ridgley et al. (48) , specific irreversible proteasome inhibitors (lactacystin and calpain inhibitor I) markedly inhibited the NO-induced oligonucleosomal DNA fragmentation of Leishmania extracellular amastigotes, suggesting that an NO-mediated apoptosislike process needed proteasome activity to work. This divergence with the observations made by Ridgley et al. (48) might be explained by the status of cell maturation of the parasite considered (35) . Moreover, evidence is now accumulating that noncaspases, including cathepsins, calpains, granzymes, and the proteasome complex, also have roles in mediating and promoting cell death (27, 43) . Recent studies have otherwise pointed out in two Leishmania species the existence of an active proteasome, one similar to the proteasomes of other eukaryotes (10, 49) . This potent proteasome might be involved in the NO-mediated apoptosis-like process. This finding suggests the existence of an ancestral noncaspase protease cell death pathway.
Finally, NO-mediated cytostatic and cytotoxic effects on axenically grown amastigotes were thus a consequence of the activation of a cell death program exhibiting features of apoptosis. A proteasome-dependent apoptosis-like machinery is also present and active in the clinically relevant stage of the parasite (i.e., amastigote) and can be induced in the host cell by the L-arginine-NO pathway. However, this apoptotic event might limit the host's inflammatory and specific immune responses, leading to a decrease in NO-dependent parasite killing and favoring the persistence of some parasites. Nevertheless, NO donors have been used to cure murine and human cutaneous leishmaniasis (15, 65) . The investigation of an apoptotic process in cells from NO-treated lesions might merit further research. 
